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Abstract

The presence of strong nonlinear absorption has been observed in laser
modified fused silica. Intensity-dependent transmission measurements using
355-nm, 532-nm and 1,064-nm laser pulses were performed in pristine polished
regions in fused silica substrates and in locations that were exposed to dielectric
breakdown. The experimental results suggest that multi-photon absorption is
considerably stronger in the modified regions compared to pristine sites and is

strongly dependent on the excitation wavelength.



There are numerous applications of high purity silica (5iO,) glass in
modern optoelectronics. Its use ranges from being the key material for low-loss
optical fibers to its utilization in optical windows in high vacuum confinement
chambers. It has also been suggested that laser induced structural changes in
glasses could be used to achieve 3-dimensional data storage [1]. With this
broadening in the range of utilization, the specifications of this material have
become more demanding, which keeps this material in the forefront of scientific
research.

Fused silica is commonly used for the manufacturing of optical
components and it has been the material of choice for large aperture optical
elements that require UV transmission. In large aperture laser system, fused
silica optics are required to withstand increasingly higher power densities
without sustaining irrevocable damage leading to significant optical losses
although small amounts of damage may not hinder performance [2]. Damage
initiation under high power pulsed laser irradiation is believed to be the results
of excessive absorption by various types of defects embedded in the materials
during both manufacturing and exposure to laser radiation, and result in discrete
damage sites, or pinpoints, on the surface or the bulk of materials at fluences
much below the dielectric breakdown threshold of the pure material [3,4]. The
presence of a large damage pinpoint density can give rise to beam losses and
intensity modulations, ultimately impeding laser system performance [5]. One
key issue in fused silica optics related to its performance in large aperture laser
systems is associated with the growth in size of laser induced damage sites under
subsequent near UV (355-nm) laser irradiation. This effect, known as “damage
growth”, can lead to failure of the material within a short period of time [6].

It has recently been shown that laser induced damage in optical materials
with nanosecond pulses is associated with the formation of dense plasma
accompanied by temperatures on the order of 1 eV [7]. These extreme conditions
lead to irreversible material modifications including mechanical failure and
defect formations. In fused silica, spectroscopic studies of defects located at
damage sites under femtosecond and nanosecond pulsed irradiation indicate a
similarity in their optical properties suggestive that the dominant defect species

are the same, independent of the pulse-width or laser wavelength [8,9]. It has



been postulated that these defects are responsible for re-ignition of the damage
process at pre-existing damage sites leading to damage growth [6].

Although damage initiation has been the focus of intense investigation
since the early days of laser development [2,3], the early stage mechanisms under
nanosecond laser irradiation leading to the formation of plasma have still not
been resolved. Recent work suggests that defect-assisted multiphoton ionization
may be a common mechanism for damage initiation [12]. It is the objective of this
work to examine if defect assisted multiphoton absorption processes are present
at damage sites in fused silica during high power laser irradiation. Such
processes can be related to the plasma “re-ignition” and damage growth
observed in fused silica. Identification of the process leading to damage growth
is important in order to devise methods to mitigate this problem.

The experimental setup shown in the schematic diagram in Figure 1 was
used to measure the intensity—dependent transmission in fused silica substrates.
A single Gaussian beam obtained by a mode-locked Nd:YAG laser is tightly
focused into the sample using a 10 cm focal length lens. This produces a 1/¢?
beam radius w, of approximately 50-pum at the focus. The laser spot size was
obtained by measuring the laser energy as a function of the position of a metal
blade, scanned across the laser beam. The laser produces 25-psec pulses at 1.06
Hm with energies per pulse ranging from few pJ to 30-mJ. Using second and
third harmonic generation crystals, optical pulses at 532nm and 355nm are
generated with a 20 Hz repetition rate. The incident optical pulse energies were
constantly monitored by reflecting about 8% of each pulse into the probe of an
energy-meter before entering the fused silica substrate. The intensity of the
incident beam is adjusted by an attenuation setup consisting of a half wave plate
and two crossed polarized Glan-Thompson polarizers. Using a second energy
meter, the light transmitted through the medium was measured as a function of
the intensity of the incident beam.

The samples used in our experiments were 1-cm thick, polished
amorphous silicon dioxide substrates (Corning 7940, manufactured by flame
hydrolysis). Damage spots were generated on and near the surface of the
substrates using the third harmonic of a 3-ns Q-switched ND:YAG laser as

described in reference [6]. The damage sites were initiated using a fluence of



24+4 J/cm’. These sites were subsequently exposed to ten additional pulses at 10
J/em? to increase their size through the re-ignition of the damage process
(damage growth). The modified material, that is the focus of this investigation,
was generated during the laser induced damage process in the crater of the
damage site. The visible damaged areas were about 1-mm in diameter.

The experiments involved measurement of the intensity-dependant
transmission in damaged and pristine regions of fused silica substrates. Figure 2
shows the experimental data for one of the fused silica samples where the
normalized transmitted signal is plotted as a function of the incident pulse
energy. The irradiance at all the wavelengths was varied in the range of 3-70
GW/cm?® Due to the presence of scattering at damage sites and the non-
uniformity of the scattering properties at (or within) each damage site, a different
fraction of the incident light is transmitted through each point studied. To
compensate for the variation in scattering, the data shown in all figures are
normalized to the value of the transmitted signal for incident pulse energy of
550-pJ. The measurements shown in figure 2 were taken at one spot in a
damaged site and represent a typical example of our experimental observations.

The maximum energy per pulse used in this experiment was the upper
limit for which the experimental data taken at lower energies could be
consistently reproduced when the laser pulse energy was lowered after
measurements at high power. More specifically, pulses with energy higher than
= 600-pJ at 355 nm resulted in alteration of the scattering signal when compared
with prior measurements at the same or lower irradiation level. This suggested
the initiation of structural changes and damage growth within the damage site as
a result of exposure to pulse energies higher than = 600-pJ. Hence, the maximum
pulse energy used in this experiment is just below the onset of damage growth
under 355nm irradiation using our laser system.

Figure 2 shows the intensity of 355-nm pulses transmitted through a
damage spot as a function of the incident intensity demonstrating a nonlinear
behavior (solid diamonds). On the other hand, using the same laser intensities
but laser pulses at 532-nm (open triangles) and 1064-nm (solid squares), we

found that the response is linear. When the same measurement is performed in



pristine regions of the sample we found that the transmission was essentially
linear at all three wavelengths used in our experiments (532nm, 1064nm and
355nm). These results strongly suggest the presence of a nonlinear absorption
process at 355 nm, possibly two-photon absorption (TPA), in the modified region
of the fused silica substrate.

Fig. 3 shows the transmission dependence on the incident intensity at 355-
nm for a pristine region (open circles) and a modified spot (solid squares). The
solid line in figure 3 shows a fit to the transmission curve of 355-nm pulses
through a damage spot. The fit assumes an intensity dependent loss coefficient
In(I,/1,,) = -C-1,,0, where C is the constant linear loss term, B is the TPA
coefficient, d is the interaction length in cm and I, and I, are the incident and
transmitted intensities (in W/cm?). A transmission measurement at very low
intensity is used as the linear loss term C. Good agreement with the experimental
data is obtained for d=1.510"" cmW™. This seems to confirm the TPA hypothesis.
Based on the reported value of the TPA coefficient of fused silica at 355-nm
[14,15], the linear response observed in our experiments in the pristine polished
region at all wavelengths is not surprising since the range of irradiance used ( I,
=0to 70 GW/cm? ) is too low to alter the linearity of the response.

The experimental results clearly suggest that the TPA losses occur mainly
at the damage spots. Earlier reports [6,7,9,16] have suggested that the high
temperature plasma created during the formation of the damage spot modifies
the surrounding silica to produce a thin layer of defects associated with non-
bridging oxygen hole center (NBOHC), oxygen deficiency center (ODC) and
clusters of silicon. SEM examinations show that the damage sites consist
primarily of a molten core, surrounded by a region of fractured material. X-ray
tomography has allowed to identify a compaction layer that is approximately 10
microns thick with a density that is approximately 20% higher at the bottom of
the damage crater [17].

The above experimental results suggest that the modified layer of fused
silica is responsible for the observed TPA. Defect assisted ionization via
multiphoton absorption can lead, in the presence of a high irradiance laser pulse,

to cascade electron multiplication and the creation of dense plasma which results



in additional absorption of laser light and energy deposition on the material. The
relationship between the re-formation of plasma at damage sites under
subsequent laser irradiation with damage growth has been documented
elsewhere [6]. In our experiments we have observed that following the onset of
the nonlinear behavior at about 400-pJ (at 355 nm), damage growth is observed at
about 600-pJ suggesting a direct relationship between these processes. The
observation of nonlinear absorption followed by plasma formation should be
present at shorter wavelengths (532 nm) but at higher pulse energies. The laser
energies available using our laser system did not allow the observation of these
anticipated effects.

It has been reported that annealing silica reduces the photoluminescence
associated with optically produced damage sites [8,18]. This effect suggests the
passivation of defects responsible for the observed photoluminescence. If the
same defects are responsible for TPA, annealing should lead to reduction or
removal of the nonlinear response for the laser intensities used in this
experiment. We tested this concept by annealing damage sites using long
exposures to laser irradiation. Figure 4 shows the transmission response of the
fused silica substrates at a damaged spot for freshly modified spot and for an
“o0ld” modified spot which has been subjected to hours of repeated exposure to
the 355-nm, 20-Hz, 600-pJ focused beam. For comparison a curve for a pristine
region is also shown. As in the previous figures, the data shown are normalized
to the value of the transmitted signal for the incident pulse energy of 550-p]. The
transmission dependence of the overexposed (“old”) spot is clearly linear and
indistinguishable from the polished pristine spot response. These results suggest
that repeated exposure to the 25-ps, UV radiation at 355nm has subjected the
sample to a process equivalent to etching or/and thermal annealing, although a
visual inspection did not reveal any obvious modifications to the damage spot.
Based on these results we can make the assumption that most of the nonlinear
absorption occurs within a very thin layer and that the interaction length is not
longer than the depth of the compaction layer or about & ~10um [17]. This yields
TPA values for the damage sites as high as $ ~1.510° cmW™.



In conclusion, we have shown that damage sites in fused silica show
nonlinear absorption properties at 355-nm arising from the presence of a layer of
modified material. TPA effects may lead to additional absorption in existing
small surface damage pits which in turn may lead to damage growth and optical
component failure. This work does not allow for identification of which defect
species known to be present at damage sites is responsible for TPA. Such
information may be obtained by repeating these measurements using a tunable
laser source and comparing the threshold for the observation of TPA to the
absorption spectrum of the different defect species.
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Figure Captions

Figure 1.
Figure 2.

Figure 3.

Figure 4.

Experimental setup for the transmission measurements.

The transmission of high energy optical pulses at 355-nm, 532-nm and
1064-nm through the damaged region of a fused silica substrate as a
function of the incident energy.

The transmission of high energy optical pulses at 355-nm through
damaged region (M) and a pristine site (O) of a fused silica substrate
as a function of the incident energy. The solid line shows a theoretical
fit to the transmission curve at a damaged spot.

The transmission response of the fused silica substrates at a damaged
spot for freshly modified “new” sample and for an “old” sample. For
comparison a curve for a pristine region is also shown.
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